This review aims at summarizing the findings of studies published over the past 15 years on the application of modified atmosphere (MA) systems for shelf life extension of fish and fishery products. This review highlights the importance of CO 2 in the preservation of seafood products, and underscores the benefits of combining MA technology with product storage in the superchilled temperature range. It is generally accepted that MA technology cannot improve product quality and should not be utilized as a substitute for good sanitation and strict temperature control. Benefits derived from application of MA, however, can significantly impact preservation of product quality and it subsequent shelf-life. For this reason, this review is the first of its kind to propose detailed handling and quality guidelines for fresh fish to realize the maximum benefit of MA technology.
Introduction
Modified atmosphere packaging is a technology that dates back to the 1930's [1] and has been a critical area of research in terms of minimizing waste through spoilage in fishery products. Fish post-harvest losses were estimated in 2015 at 10 to 12 million tons, accounting for approximately 10% of global capture and cultured fish [2] . Microbial spoilage is a major contributor to quality loss and subsequent spoilage of fishery products [3, 4] . Modified atmosphere packaging (MAP) combined with low storage temperatures is an effective technique to achieve shelf life extension of fishery products [5] [6] [7] [8] [9] .
Advances in the application of MAP to shelf life extension of muscle foods are occurring at a fast pace. This is evident by the large body of scientific literature available not only addressing applications in fishery products but also in beef [10] , poultry [11] and pork products [12] . A major driver for further extension of shelf life of fresh muscle foods is the ongoing increase in consumer demand for fresh products. Notwithstanding, the adoption of modified, or controlled, atmosphere systems in fish and fishery products has generally been slower than other meat systems due to concerns about Clostridium botulinum type E. Although Clostridium botulinum is ubiquitously present in the environment, type E is associated with marine food products and it has the ability to produce toxin in low oxygen atmospheres at refrigeration temperatures. Under optimal conditions, the lowest temperature range for Clostridium botulinum type E growth and toxin production is 3.0-3.3˝C [13] .
Two major reviews of MAP applied to fish and fishery products have been published since 1990. In these reviews [5, 14] , the microorganisms associated with fresh fish spoilage in aerobic and anaerobic conditions together with the associated chemical changes were covered in detail. In addition, the history and principles of MAP were also overviewed as well as the research findings on the application of MAP to seafood inclusive until 1999. In 2005, a review of MAP of fish was published [15] however, there were only few references to research beyond the 90's. A more current review of MAP for meat products was published [10] , and includes considerations for commercial applications and an outlook on future needs and industry improvements desired for MAP of meat. The present review, as a result, only provides a brief overview of MAP principles with focus given to research on the use of modified atmosphere systems to fish and fishery products since 2000.
In 1990, Stammen defined MAP as a system where the air within a package is replaced by a mixture of different gases, where the proportion of gases in the mixture is fixed at the time of introduction and prior to final sealing of the package [14] . Once the package is sealed, however, there is no further control. For controlled atmosphere packaging (CAP), the composition of gases is continuously monitored and controlled throughout storage. Therefore, CAP systems maintain a stable gas composition as well as other environmental conditions within the package such as temperature and humidity [10] .
For fish and fishery products, most gas mixtures do not include oxygen because high oxygen systems, in most cases, provide limited benefit to shelf life extension of fishery products [16] [17] [18] [19] . This may be explained by the high rate of perishability of seafood, which results from psychrophilic spoilage bacteria growth that is combined with muscle degradation by endogenous enzymes and oxidative deterioration of the lipids, often rich in highly unsaturated fatty acids [20] . High oxygen concentrations, in combination with CO 2 , is used to preserve red color of haem pigments, and according to Davis, the main reason to include oxygen in the gas mixture of MAP fish and fishery products seems to be driven by a desire not to aggravate the potential risk of botulism from products in sealed packs [20] . In the Torrieri [18] study on the effect of combined use of MAP with an anti-oxidant based active packaging, containing α-tocopherol, on shelf life of bluefin tuna fillets stored at 3˝C for 18 days it was demonstrated that myoglobin oxidation was not reduced likely due to slow diffusion kinetics of the antioxidant from the film to the product surface. The authors also observed that oxidation was further aggravated by use of oxygen in one of the MA tested. On the other hand, Sivertsvik [21] reported significant improvement in the overall quality of MAP pre-rigor farmed Atlantic cod fillets by the use of high oxygen content in a gas mixture of CO 2 and O 2 .
Fish and shellfish are highly perishable, and it is not possible to control many of the intrinsic and extrinsic characteristics of the products, and their respective harvest methods, that lead to reduction in quality and shelf life. For capture fisheries, the distance between harvest grounds and processing facilities and onboard storage temperature play major roles on product quality and deterioration. Low storage temperature significantly reduces the deterioration of product quality, however, time is a limiting variable because the spoilage of fresh fish is usually microbial [5] . As expected, at-sea processing [22] as well as prompt chilling followed by evisceration [23] tend to reduce quality deterioration of capture fishery products. Despite that, the high water activity of fish and shellfish combined with a neutral meat pH and the presence of autolytic enzymes further contribute to a high rate of perishability [5] . For aquaculture products, more control exists on the elapsed time from harvest to processing but other pre-harvest variables also influence product quality such as crowding stress [24] and disease. For these reasons, it is not surprising that some studies report limited benefit to the quality and shelf life of fish and fishery products by the use of gases mixtures in MAP [25] [26] [27] [28] , while many others record significant extension in product shelf life [29] [30] [31] [32] [33] [34] [35] .
Modified Atmosphere Systems
The primary gases used in MAP of seafood products are CO 2 , N 2 and O 2 . The deleterious effects of oxygen on the quality of stored fish and fishery products have been well described in the literature.
The reduction of oxygen slows down lipid oxidation and the development of rancidity. For seafood products, the simple flushing with nitrogen is used as an alternative to vacuum packaging to replace O 2 in packages to delay oxidative rancidity and inhibit growth of aerobic microorganisms. However, for the most part this gas is used in gas mixtures of MAP as a filler (e.g., CO 2 :N 2 ) because of its low solubility in water and fat, which prevents packaging collapsing [5] . CO 2 has been long known for its fungistatic and bacteriostatic properties in food systems [36] and is, therefore, the most important gas used in modified atmosphere systems of seafood [5] .
Vacuum packaging was the first commercially developed MAP and consists of packaging a product in a film of low oxygen permeability and sealing it after evacuation of air, which under good vacuum conditions should reduce oxygen concentrations to levels below 1% [37] . This review intends to discuss MA systems in which gas packaging is used. For modified atmosphere systems, the modified atmosphere can be achieved by mechanical replacement of air with a single gas or a gas mixture, or by generating the atmosphere inside the package either passively or actively [37] . Passive generation of atmosphere inside a package is applicable to respiring foods, while active atmosphere generation may be accomplished by the use of O 2 scavengers, CO 2 absorbents or emitters, ethanol emitters and ethylene absorbers among others [37] .
The mechanical replacement of air may be achieved either by gas flushing or compensating vacuum. Gas flushing is generally achieved using form-fill-seal equipment that injects a continuous stream of gas, or mixture of gases, into the package [37] . When the air has been replaced by the gas via a dilution process, the package is sealed. Residual oxygen levels in gas-flushed packs vary according to equipment used, type of packaging and product type. Blakistone points out that the typical residual oxygen levels in gas-flushed packs are in the range of 2% to 5% [37] . Hence, this technique alone is not suitable for packing of foods that show high rate of deterioration by the action of oxygen. Another technique for mechanical replacement of air is compensated vacuum, which consists of a two-stage processes where the air is first removed by the action of vacuum and then the modified gas atmosphere is introduced prior to sealing the packaging [37] . The packaging can be pre-formed or thermal formed, and the efficiency of the process is much superior to that achieved by gas flushing with regards to residual oxygen levels [37] .
Bulk storage for transport of foods in MAP and CAP is widely used by the food industry, but only a few studies describe bulk storage of seafood products under modified atmospheric conditions [38] . Fish and fishery products can be placed in a master pack containing multiple units of individually packed product, which are overwrapped with either PVC film or other type of gas permeable film. The master pack consists of a large partial barrier film or pouch bag that is flushed with the desired gas mixture, which generally includes high levels of CO 2 [1] . Prior to retail display the consumer package is removed from the master package. A study on bulk storage of fish under modified and controlled atmospheric conditions was conducted by Ruiz-Capillas and Moral in which the authors compared the residual effect of CO 2 on the shelf life of whole gutted hake kept in boxes of ice for 12 days onboard of a fishing vessel under atmosphere composed of different mixtures of CO 2 :O 2 :N 2 [38] . When the vessel reached port, the containers were opened and the products were stored on ice until spoiled. The authors concluded that the controlled atmosphere mode was significantly more effective in keeping product quality and extending product shelf life than the modified atmosphere [38] . The lots of whole gutted hake that scored best in sensory analysis were those kept under controlled atmosphere in the gas mixtures composed of either 60% or 40% of CO 2 [38] . Overall, the vast majority of the studies for fish and fishery products apply MA to retail-type package. Shelf life of MAP fillets from a wide variety of fish species have been determined and are summarized in Table 1 for research published since 2000. Consistently a common variable for a majority of these studies is that product is packaged in retail-type trays such as for Atlantic cod [6, 7] , Atlantic horse mackerel [3, 39] , Atlantic salmon [24, 40, 41] , Bluefin tuna [18] , dolphin fish [42] , sea bass [33] , and seer fish [43] among others.
Solubility of CO 2 in Fish and Fishery Products
CO 2 is by and large the most studied gas in MAP of fish and fishery products. Its inhibitory effect on the growth of microorganism is concentration dependent, and the higher the concentration of CO 2 in the system the higher the inhibitory effect observed [5] . The inhibitory effect of CO 2 is related to its high solubility in both the water-phase and lipids of muscle foods. The lower the temperature, the higher the solubility. Knoche determined the solubility of CO 2 in 1 kg of water (1 atm) at a temperature of 0˝C to be 3.38 g, while it is virtually 50% less soluble than that (1.73 g/kg) in 20˝C water (1 atm) [44] . The reaction scheme of dissolved CO 2 in water is equimolar and generates a bicarbonate ion and one proton or a bicarbonate ion and two protons, with the formation of the dissociated ions being pH dependent. For pH values less than 8, as for most seafood, the concentration of carbonate ions is negligible [5] .
The solubility and absorption rates of CO 2 into non-respiring foods such as raw fish [45] and cooked meats [46] has been determined using a validated experimental apparatus that applied a manometric method [47] . The method was developed using an experimental apparatus for determination of the solubility and the absorption rate of CO 2 into foodstuffs indirectly by continuous logging of pressure changes in a closed chamber [47] . The authors tested several species of fish and, in particular for Norwegian cod and salmon samples, they investigated the effect of a variable ratio of weight of product to gas volume that ranged from 1.5 to 5, with gas mixes of 25%, 50%, 75% and 100% CO 2 , at discrete temperatures in the range of´2 to 4˝C. The authors concluded that the solubility of CO 2 in raw fillets of salmon, cod, anglerfish, wolf fish and tuna, can be predicted using the solubility of CO 2 in water corrected for the water and lipid content of the sample [45] . Among other important observations, Sivertsvik noted the average time to reach 50% of the equilibrium solubility for all their experiments was 4.6˘0.4 h, with equilibrium not reached until about 3 days (68.9˘6.7 h) [45] . This has profound consequences to MAP systems because changes in the composition of the headspace may occur over a relatively long period of time after packaging, depending on the ratio of gases used, with fluctuations in product temperature further influencing the state of equilibrium of CO 2 in the product versus in the gas phase. A direct application of their findings to MAP of fish is that a fillet can be exposed to 100% CO 2 in MAP for about 4.6 h or to 50% CO 2 for about 3 days to obtain the same amount of dissolved CO 2 in the product, hence a similar effect on shelf life extension [45] .
A subsequent study published by Rotabakk [48] proposed a volumetric method to determine CO 2 solubility and absorption rates in foods packaged in flexible and semi-rigid package. The headspace volumes of the packages were determined by submerging the package under water and measure the resultant force by a texture analyzer. Measurement of the headspace volume was performed by first submerging the equipment to determine its volume. The package was then submerged and held upside down until the system stabilized and buoyancy force measurements were taken at set intervals and correlated to headspace volume changes [48] . The determined headspace volume changes were well correlated to the determined solubility and absorption rate of CO 2 in packages determined by monitoring pressure changes that were assessed using a manometer [48] . The effectiveness of MAP in shelf life extension of foods is dependent on the amount of CO 2 that can dissolve in the product, which in turn is dependent on the partial pressure of CO 2 within the package and the degree of filling (DF) described as volume of product to volume of packaging. Given that many studies on shelf life extension of seafood do not state either the DF or the amount of dissolved CO 2 in the product, direct comparison of results becomes difficult [48] . The method proposed by Rotabakk [48] is non-destructive and provides a simple solution to monitor the changes in the headspace volume inside the package over time.
Fernandez [40] estimated the solubility of CO 2 at equilibrium, using an array of gas compositions (CO 2 :N 2 ) for superchilled (´1.5˝C) MAP Atlantic salmon fillets stored at 2˝C. The authors applied either a ratio of gas to product (g/p) of 1.2 or 2.5. For products packaged with a g/p of 1.2 the estimated solubility of CO 2 for the best performing gas mixture (75:25) was 797 ppm. For this packaging and storage condition, based on microbial (TPC < 10 6 cfu/g) assessment, the shelf life of salmon fillets was 18-19 days while product maintained acceptable sensory parameters for 27 days of storage [40] . For products packaged with a g/p of 2.5 the estimated solubility of CO 2 for the best performing gas mixture (90:10) was 2065 ppm. For this packaging and storage condition, based on microbial (TPC < 10 6 cfu/g) assessment, the shelf life of salmon fillets was 22-23 days while product maintained acceptable sensory parameters for more than 28 days of storage [40] . This study demonstrates the importance of determining CO 2 concentration in MAP products for optimization of product shelf life.
Preservation Effect of CO 2 in Fish and Fishery Products
Literature findings clearly show individual bacteria vary in sensitivity to CO 2 however, as stated by McMillin gram-negative bacteria are generally more sensitive to CO 2 than gram-positive bacteria because a large number of gram-positive bacteria are either facultative or strict anaerobes [10] . Despite research efforts on the identification of specific spoilage organisms (SSOs) for fish and fishery products stored under modified atmosphere conditions, the breadth of knowledge of SSOs of fishery products from different aquatic environments is still limited, especially when different packaging conditions are taken into consideration [5] . Some examples of SSOs identified MAP spoiled fish are Photobacterium phosphoreum for MAP cod fillets [49] , Serratia liquefaciens (Serratia protamaculans) for vacuum packaged cold-smoked salmon [50] , Carnobacterium, Serratia, Shewanella and Yersinia for MAP horse mackerel fillets [4, 41] , Carnobacterium, Lactococcus and Vagococcus for MAP Australian salmon [51] , and Hafnia alvei in MAP Atlantic salmon [52] . Given the diversity of fishery products and associated SSOs, modelling the effects of MAP variables (temperature, gas mixtures, product to gas ratio, concentration of CO 2 in product, and degree of filling among others) on microbial growth is highly desirable for advancements in the field. Alfaro, Powell, and Chaix provide comprehensive information on existing predictive models relating MAP conditions, type of fish/fishery product and growth rate of associated SSOs [4, 9, 53] .
The preservative effect of CO 2 on the growth inhibition of microorganisms in foods is a complex process that cannot be solely explained by either the change in pH derived from the solubility of the gas in the product, or the displacement of some or all the oxygen available for bacterial metabolism. In their review of MAP in fish, Stammen [14] fully describe research findings relevant to the mechanisms and effects of CO 2 in microbial inhibition such as the synergism of CO 2 concentration and temperature, the lengthening of the microbial growth lag phase under controlled environmental conditions, and the potential inhibitory effect on enzymatic activity. A decade later, Siverstsvik [5] summarized four fundamental mechanisms of CO 2 on microorganisms proposed by various researchers, (i) penetration of CO 2 in the membrane of bacteria that results in intracellular pH changes; (ii) alteration in cell membrane function that results in deleterious effect on nutrient uptake and absorption; (iii) direct inhibition or retardation of enzymatic activity, and iv) direct changes in the physical and chemical properties of proteins. In a recent publication by Chaix [53] , the authors stated that in spite of the many hypotheses proposed to explain the inhibitory effect of CO 2 on bacterial growth, present information is still unsatisfactory to allow for a complete understanding of the underlying mechanisms albeit highly important to future advances in MAP and CAP of foods.
Quality of Raw Material for Modified Atmosphere Applications
Shelf life extension of fish and fishery products by the use of modified atmosphere systems can only be effectively achieved when the highest quality raw material is utilized [5] . This concept, albeit simple, is at times difficult to follow given that fish quality is affected by a large number of factors beyond time and temperature such as harvest season, catch method, slaughter method, species-specific biochemical characteristics, environmental conditions, spawning and overall health of the animal. Application of MAP or CAP to fish does not improve poor quality product nor does it give back lost shelf life. On the contrary, chemically and/or enzymatically degraded product and the presence of high levels of spoilage bacteria will lead to either minimal shelf life extension or to no extension at all. Compounded to this issue is the increased risk of product contamination with pathogens that may result from temperature abuse and/or poor handling and sanitation practices of raw material, which may pose serious risk to consumers.
Beyond compliance to all seafood safety requirements and HACCP, the freshness of raw material is of primary importance to assure only high quality seafood is utilized for MAP or CAP applications. As previously stated by Huss, fish quality refers to the aesthetic appearance and freshness or degree of spoilage which the product has undergone [54] . It may also involve safety aspects such as being free from harmful bacteria, parasites or chemicals. Quality of seafood is a very complex concept [55] , for instance Botta cites 15 different definitions of quality [56] . Although the concept of quality is frequently described using terms related to nutritional, microbiological, biochemical and physiochemical characteristics, none of these terms serve as adequate indices of sensory perception and consumer acceptability [55] . Nevertheless, many of the quality issues observed in consumer ready fish and fishery products derive from the initial quality of the fresh raw material, which starts declining immediately post-mortem [57] . Some important fish handling and quality guidelines that should be followed from harvest to processing of fresh fish to realize the maximum benefit of MAP or CAP are:
‚
Stressful conditions during harvest and slaughter should be avoided to maximize eating quality of fish [24, 58] ; ‚ Fish should be bled promptly, and eviscerated as soon as possible [23] ; ‚ Fish should be promptly chilled and maintained at a temperature approaching that of melting ice from time of slaughter to processing [59] ; ‚ Appearance of the eyes, gills and skin should be evaluated to conform with high quality attributes as described in methods for sensory evaluation of fish and fishery products such as the Torry Fish Quality Assessment System [60, 61] , the Quality Index Method [62] among others [54, 63] .
Other important characteristics are:
‚ Fish should have firm to normal texture (not soft) and odor notes typical of fresh fish (ocean-breeze, briny, cantaloupe, melon and cucumber notes) should be present; ‚ For fillets, flesh color should be uniform at the typical color range for the species; ‚ Fillets should have little to no gaping.
‚ For headed and gutted fish, it is important the kidney is thoroughly removed and that the belly cavity is free of any blood, viscera and debris, and without noticeable structural damage to belly cavity membrane; ‚ For descaled fish, the descaling process should be conducted using a method that does not cause excessive flesh softening and subsequent muscle gaping; ‚ The removal of pin bones from fillets, when applicable, should be carried out using either a manual or mechanical method that does not cause excessive muscle tearing, which could result in gaping; ‚ The initial microbiological load in fresh fish from capture fisheries varies widely with values that may exceed 5 Log 10 cfu/g, depending on onboard sanitation and handling practices [64] . The importance of a low bacterial load, preferably at the range of 2 to 3 Log 10 cfu/g, has been identified as key factor for maximizing the shelf life extension of seafood packaged in MA systems [41, [65] [66] [67] .
Processing fresh high quality product under hygienically good conditions [65, 66] must be underscored because finished products with high microbial load (e.g., 5-6 Log 10 cfu/g) are not likely to benefit from MAP. As stated by Farber over two decades ago, there is no enhancement of product quality because MAP simply arrests the natural deterioration process [1] .
‚ It may be desirable to subject the finished product to a final sanitation step prior to MAP. Sanitation of finished product may consist, among others, of application of aqueous ozone, electrolyzed water, aqueous solution of peroxyacetic acid or sodium hypochlorite, and the sanitizer choice will depend on local regulatory requirements and the achievable reduction of surface bacteria by the selected treatment and mode of application.
The application of modified atmosphere to pre-versus post-rigor fish is a topic of interest for packaging of aquaculture fish because it is possible to manage many of the variables influencing onset, duration and resolution of rigor while this is often not the case for fish captured from the wild. Withdrawing of feed prior to slaughter, slaughter method, elapsed time between slaughter and processing, and holding temperatures post-slaughter are important variables influencing rigor mortis process that can be managed for the processing of aquaculture fish pre-rigor [41, 66, 68] . According to Hansen, an increased interest exists in pre-rigor filleting of farmed fish because such early processing, accomplished under hygienically good conditions, allows super-fresh products to enter the market [41] . This improves the logistics at the processing plant and eliminates costs associated with transportation of head and bones [41] . The authors also noted pre-rigor salmon fillets are thicker and firmer, and have a more intense coloration as compared to their post-rigor counterparts [41] . Sivertsvik determined the optimal initial gas composition to maintain quality of modified atmosphere packaged pre-rigor filleted farmed Atlantic cod, stored up to 14 days at 0˝C, to 37:63 (v/v) CO 2 :O 2 [21] . The author concluded that the optimal gas mixture yielded the lowest formation of exudate, TMA and total volatile bases, while having the highest inhibitory effect on microbiological growth; and at the same time maintained a high odor score and TMAO content in packaged farmed pre-rigor cod fillets [21] . Irrespective of the advantages highlighted above on the application of MA systems to pre-rigor fish, for products from capture fisheries there is limited possibility of applying modified atmosphere technology to pre-rigor fish unless fishing grounds are at close proximity to processing plants, or fish is processed and packaged at sea onboard of catcher-processor vessels. In general, fishery products processed at sea are not packaged in consumer-ready packaging because space limitations exist for storage of materials and finished products, and bulk packaging of frozen products offer significant advantage for preservation of quality.
Effect of Processing and Storage Temperatures
Storage temperature of seafood has a dramatic effect on product shelf life despite packaging method. For studies applying MA systems to fish and shellfish, a wide range of storage temperatures are reported and include those much beyond the optimal range for seafood storage even for products aerobically packaged. This is evident from the wide range of product storage temperatures provided in Table 1 , which lists selected literature findings on the application of MA systems to fish and fishery products through the past 15 years. One obvious reason researchers have for choosing high storage temperatures of MAP products (>3˝C) is the assessment of consumer safety and risks. A second reason for this choice is based on the fact that many retail establishments are simply not capable of maintaining seafood at the adequate low temperature range. Finally, even when the product cold-chain is not broken from harvest to retail, there is a high risk this could happen during refrigerated storage at home. These points underscore the need for consumer-ready MAP products that either allow oxygen exchange by the use of permeable films, or that contain sufficient oxygen in the gas mixture to prevent the potential risk of botulism.
It is well established that holding seafood at the superchilled temperature range, which is defined as the range of temperature below 0˝C and slightly above the temperature in which freezing is discernable [69] , leads to longer shelf life extension than that achieved for product held under optimal refrigerated temperatures [65] . As stated by Davis, fish spoil more than twice as fast at 5˝C than at 0˝C, and four times as fast at 10˝C [20] . Likewise, a reduction in the rate of spoilage is observed when product is held at slightly above freezing temperature, within the range of´1.0 to´3.0˝C, when compared to being held at temperature of melting ice as it was demonstrated for Atlantic cod by Duun and Rustad [70] . As previously stated, a large number of variables play a role on the level of shelf life extension that can be achieved by the application of MAP and CAP to fish and fishery products. A comparison of literature results is, therefore, a complex task given the wide range selected for these critical variables by the authors, and in some instances the lack of information regarding ratio of gas to product, amount of dissolved CO 2 in the product, and variability of gas composition in the package headspace during storage. A quick glance through Table 1 allows one to conclude that a majority of the studies reporting product storage temperature above 0˝C are confined to the determination of product shelf life for up to 3 weeks, with few studies having a duration of 4 weeks or beyond. For products stored at temperatures above superchilling, the shelf life extension provided by MAP may range from a few days to a week or more compared with air storage, depending on species and temperature [65] . On the other hand, the use of superchilled storage temperatures has opened a new avenue to extend the shelf life of MAP products to four weeks and beyond. Used alone, the storage of fish and fishery products at the superchilled temperature range is an established technique to extend shelf life of air-packed products [126] . According to Duun and Rustad, the storage time of vacuum packed salmon fillets can be doubled by superchilled storage at´1.4˝C compared to ice chilled storage [127] . Kaale and Eikevik noted that the quality and freshness of the final superchilled food are highly influenced by superchilling rates and degree of superchilling [69] . The degree of superchilling being defined as the amount of free water frozen (5% to 30%) inside the food product [128] . Other important variables affecting final quality of superchilled products are storage temperature and time, type of product, and packaging selection [69] . Superchilling of foods is generally regarded as effective and practical, provided that the product temperature does not fall below the point in which freezing is discernible [69] , for most foods the initial freezing point falls between´0.5˝C and´2.8˝C.
For pre-rigor Atlantic salmon fillets that were superchilled in a tunnel operated at´25˝C for 45 min and subsequently stored at´1.5˝C, the formation of intra-and extracellular ice crystals accelerated lysosome breakages followed by release of cathepsin B and L [129] . In this case, superchilling resulted in higher liquid leakage and increased myofiber breakages in the fillets. Texture values measured instrumentally, however, were not affected by superchilling one week after treatment [129] . In a later study, Kaale and Eikevik demonstrated that both, shell freezing and the characteristics of ice crystals (location and distribution) strongly influence drip loss and overall eating quality of superchilled salmon fillets [128] . Shell freezing consists of subjecting product to sufficiently low temperature to allow initial surface freezing before subjecting the final product to a storage temperature in the superchilled range [128] . The authors recorded a significant difference in the drip loss between shell frozen samples (1.6%) and non-shell frozen samples (1.4%). Furthermore, they determined that for non-shell frozen samples ice crystals were exclusively of the extracellular kind, while shell frozen samples showed both intracellular and extracellular ice crystals with a uniform distribution [128] . Overall, the values between 1% and 2% of drip loss cannot be regarded as high and cannot be considered as a major problem in superchilled salmon. There was also no significant difference between non-shell frozen and chilled samples, despite that, the authors stressed the importance of process optimization to minimize damage to muscle structure due to ice crystal formation [128] .
For MAP fish and fishery products stored in the superchilled temperature range, optimization of process variables is also a key step to preserve muscle structure integrity and minimize muscle softening and drip loss, which leads to deterioration of product appearance and facilitates surface microbial growth [127] . Sivertsvik demonstrated that combining superchilling storage (-2˝C) with MAP (CO 2 :N 2 60:40) of Atlantic salmon fillets extended product shelf life by four fold when compared to air packed product kept under refrigerated temperature (4˝C) [65] . In their study the superchilled MAP fillets maintained good quality with negligible microbial growth (<1000 cfu/g) for more than 24 days, the air packed superchilled fillets had 21 days of shelf life, while air-stored and MAP fillets kept at chilled conditions (4˝C) spoiled after 7 and 10 days, respectively. Fernández [40] achieved slightly shorter shelf life results than those reported by Siverstvik [65] , for Atlantic salmon fillets superchilled (´1.5˝C) in MAP with a CO 2 concentration of 90% and gas to product ratio of 2.5. The shorter shelf life is likely due to a higher post-superchilling storage temperature of 2˝C for the shelf life study [40] . Hansen determined the shelf life for pre-rigor fillets of Atlantic salmon superchilled prior to packaging in modified atmosphere (CO 2 :N 2 60:40) with a CO 2 emitter that were subsequently stored at 0.1˝C for 28 days [41] . The chilled fillets stored in MAP had significantly lower bacterial growth compared to fillets stored in air, and MAP superchilled fillets had lower bacterial counts compared to the corresponding chilled fillets [41] . Samples superchilled prior to refrigerated storage in air had similar bacterial growth to the ordinarily chilled samples, indicating that superchilling treatment followed by chilled storage temperature does not extend shelf life. The range of shelf life for MAP Atlantic salmon fillets observed by Fernández, Hansen, and Sivertsvik depict the strong influence of storage temperature on product shelf life with small increases in temperature of 1˝C leading to a reduction of 2 or more days in shelf life [40, 41, 65] .
Wang investigated the effect of combined application of MAP (CO 2 :N 2 :O 2 50:45:5) and superchilled (´0.9˝C) storage on the shelf life of fresh cod loins [6] . Superchilled storage alone compared with traditional chilled storage, in polystyrene boxes, increased the total shelf life of cod loins from 9 to 16-17 days (from catch date). Chilled (1.5˝C) MAP increased the shelf life from 9 to 14 days, and when MAP and superchilled storage were combined the shelf life (from catch date) was further extended to at least 21 days [6] . The authors noted that MAP combined with superchilled storage preserved the characteristic fresh and sweet taste of cod loins for a longer period of time, which enhances eating quality of fresh cod fillets for consumers in distant markets. However, some different textural properties were recorded, and after only 7 days of storage the superchilled MA packed cod loins had a meatier texture compared to other sample groups [6] . In a follow up study, Lauzon evaluated the effect of brining (~2.5% NaCl), MAP (CO 2 :N 2 :O 2 50:45:5), and storage temperature (0, 2, and´3.6˝C) on the quality changes of fresh cod loins, packed 4 to 5 days post-catch, over a period of 4 weeks [7] . The shelf life of air-packed loins was about 11 and 14-15 days at storage temperatures of 0 and´2˝C, respectively. The shelf life of MAP cod loins stored superchilled (´2˝C) increased to a total of 21 days from catch date. Interestingly, for brined loins the shelf life of air-packed and MAP product stored superchilled was 12 to 15 days and 13 days, respectively. In summary, the addition of salt to cod loins led to a slight reduction of shelf life when product was stored in MAP; however, for cod loins without the brine treatment the shelf life increase was substantial. A follow up study by Gudjónsdóttir [77] confirmed Lauzon [7] findings.
Zeng showed that the total viable counts of bacteria increased rapidly in shrimp stored in flake ice and in brine mixed with flake ice, followed by those in liquid ice at +1.5˝C, while slow bacterial growth and low counts were observed in shrimp stored in superchilled liquid ice (´1.5˝C) [130] . An noteworthy study published by Bono recorded the effects of modified atmosphere packaging (MAP) using two different gas compositions (100% N 2 or CO 2 :N 2 50:50) on the chemical properties and melanosis of deep-water rose shrimp over a one-year frozen storage period [85] . The authors recorded inhibited lipid oxidation and low melanosis scores for frozen samples packed in 100% N 2 up to six months of storage.
Microbiological Considerations
A major challenge for the seafood industry is the control of bacteria, pathogenic or spoilage specific, in fresh products. Farber in his review of microbiology of MAP points out that one of the key safety issues of MAP is not just psychrotrophic, non-proteolytic clostridia, but the emergence of other psychrotrophic pathogens such as Listeria monocytogenes, Aeromonas hydrophila, and Yersinia enterocolitica [1] . Farber points out that the inhibition of spoilage microorganisms and extension of shelf-life by MAP may allow the psychrotrophic pathogens sufficient opportunity for growth [1] . For fresh meat systems, however, it is noted that under CO 2 , the system switches from initial gram-negative aerobic spoilage to a "predominantly gram-positive facultative anaerobic microflora dominated by Lactobacillus spp." This switch, however, was viewed as positive because the byproducts of metabolism of lactobacilli are slowly produced and less offensive compared to the pseudomonads.
The research focused on pathogens since 2000 has evaluated MAP for its effect on Listeria monocytogenes [73, 106, 107, 121] , Staphylococcus aureus [28, 99, 107] , Salmonella spp. [28, 73, 100, 107] , sulfite-reducing Clostridium [28] , nonproteolytic Clostridium botulinum [106] , and Clostridium botulinum toxin production [80, 99] . The storage of product in MAP was noted to not increase the risk of pathogen growth for Staphylococcus aureus above that of air packaged products [99] . Listeria monocytogenes was reported as controlled in RTE pink shrimp when temperature was kept below 2˝C. It was also observed that frozen storage prior to chilled storage was effective in limiting growth of L. monocytogenes, but it did not inactivate it. It was also demonstrated that L. monocytogenes was the greatest risk for brined and drained shrimp, followed by S. aureus, Salmonella spp., and Vibrio parahaemolyticus in descending order [107] . A survey of 90 carp portions [73] stored at 4˝C reported no L. monocytogenes or Salmonella spp. up to 10 days at which time all products were determined to be in the spoiled state and past their shelf-life. Yilmaz, observed MAP conditions delayed L. monocytogenes growth [121] . Soccol noted that S. aureus was not significantly affected by the atmosphere treatments they studied [28] . They also reported that S. aureus decreased over time for all treatments, except vacuum. They also did not detect Salmonella spp. nor sulfite-reducing Clostridium in any of the treatments. Zhou, found a synergistic effect in Salmonella spp. inhibition when MAP was combined with an antimicrobial, vapor phase thymol [100] . Clostridium botulinum toxin production was prevented in fresh fish fillets by keeping temperatures below 2˝C and having 30% O 2 in the MAP mixture [99] . Toxin production was also prevented at 4˝C using 3000 cm 3¨m´2¨2 4 h´1 oxygen transmission rate (OTR) film [80] . In a CO 2 only atmosphere, however, toxin was detected after 25 days at 4˝C and 9 days at 10˝C. Toxin production preceded spoilage (>35 days) at 4˝C and occurred at the same time as spoilage when the temperature of storage was 10˝C [80] .
Fresh fish spoilage is typically attributed to psychrotolerant bacteria, such as Pseudomonas spp. [22, 131] . As early as 1933, Coyne noted that Pseudomonas spp. can be controlled by as little as 5% CO 2 [131] . The reduction of total viable counts as a result of including CO 2 in the gas mix has been further confirmed in many of the studies in this review encompassing the following species/products listed in Table 1 : bonito [72] , cod [6, 21, 22, 30, 76] , crayfish [79] , halibut [81] , lingcod [82] , mussels [87] , mullet [85] , prawn [88] , salmon [25] , sardines [32] , scallops [93] , sea bass [26, 96, 112] , seabream [19, 95] , shrimp [31, 100, 103, 113, 114, 116] , squid [118] , tilapia [28] , and trout [119, 120, 123] .
Photobacterium phosphoreum is described as CO 2 resistant and is the main spoilage organism associated with MAP packaged cod and other high TMAO species [5, 132, 133] . Fletcher however, reported low levels of this organism in MAP packaged king salmon and suggested it might not be a spoilage organism of concern for New Zealand [25] . Similarly, Milne and Powell, examined the dynamics of microbial growth in fresh chilled Atlantic salmon (Salmo salar) farmed in Australia [67] . Atlantic salmon, less than 24 h from harvest, were used to produce skinless fillet portions packed in pouches containing 96% CO 2 at gas: product ratios of greater than 5:1 (v/w) and stored for 38 days at less than 1˝C. As with the study from New Zealand, the authors reported that Photobacterium spp., including the specific spoilage organism Photobacterium phosphoreum, were not identified during their study [67] .
In an interesting study on the effects of storage prior to MAP packaging and retail display of cod, Bøknaes demonstrated that´30˝C storage prior to MAP packaging actually helped Photobacterium phosphoreum survive better than´20˝C storage [22] . While´20˝C stored fish had <1 log cfu/g for up to 17 days in MAP,´30˝C stored fish had between 10 4 and 10 6 cfu/g by day 17. They also demonstrated that storage at 0˝C for 8 days prior to freezing at´30˝C would result in significantly high TMA values in cod. Surprisingly, TMA values in similarly chilled stored cod (i.e., 8 days) that were subsequently stored at´20˝C prior to MAP packaging were not any different than products stored at 0˝C for 1 day prior to frozen storage at either´20 or´30˝C. Fletcher et al., 2004 , for king salmon also reported there was not an effect of level of CO 2 in MAP or ratio of fish to CO 2 on production of TVB-N. They also reported that TVB-N increased over time regardless of fish: CO 2 ratio. They did not, however, compare these increases over time with an aerobic packaged product. They only looked at the TVB-N in aerobic packed fish on day 0. Özogul, however, did compare air, vacuum and MAP sardines and reported TVB-N correlated strongly with total viable counts, regardless of storage conditions [32] . In MAP cooked pink shrimp, formation of both TVB-N and TMA were reported to be negligible even at spoilage (determine from sensory decomposition evaluations) [106] .
Fletcher reported that at 90 days of chilled storage, vacuum packed king salmon were dominated by Serratia liquefaciens which decreased as CO 2 increased, with Lactobacilli spp. predominating at high levels of CO 2 [25] . They noted that S. liquefaciens produced worse spoilage odors than Lactobacilli spp and also reported the virtual absence of sulfide-producing organisms at day 90. Mejlholm reported that lactic acid bacteria dominated the spoilage of microflora of MAP pink shrimp [106] . An important take away from this research is how MAP can be used to perhaps selectively alter the spoilage microflora in a way that minimizes the intensity of the degradative actions of the microbiota on fish quality.
Additives and Shelf Life Extension
Several researchers report on the use of natural or synthetic additives to enhance quality and shelf life of MAP products. In some cases, researchers have gone as far as to conclude that the combination of MAP with certain antimicrobials or antioxidants may be synergistic [98, 100, 110, 116, 117] . Additives investigated with MAP since 2000 include acetic acid, benzoic acid, bi-sulfite, cinnamic acid, citric acid, chitosan, electrolyzed water, 4-hexylresorcinol, krill oil, lactic acid, nisin, oregano essential oil, ozone, quercetin, sodium acetate, sorbic acid, thymol, and extracts from halophyte plants (poylphenols including flavonoids, caffeic acid esters, and coumarins), grapefruit seed, and green tea extract and UV-C radiation [18, 28, 30, 42, 82, 85, 95, 96, [98] [99] [100] 107, [110] [111] [112] 116, 117, 122] . In almost all cases, beneficial effects are observed when MAP is combined with another known additive that typically is added to either act as an antimicrobial or antioxidant. The exception was notably the application of UV-C radiation in yellowtail tuna [34] . Researchers did not see an extension in shelf life and, as expected, oxidation was concomitantly increased. A negative effect on odor and volatile flavor was also reported for the use of oregano essential oil and electrolyzed water [117, 122] . While both treatments did decrease bacteria and increase shelf life, the former was found to be unsuitable at 0.4% due to odor, the latter was found to create an odor issue (chlorine) only in the thawed raw product. Researchers said the chlorine odor in thawed product did not create a noticeable effect in the cooked product.
Physicochemical and Organoleptic Considerations
Many important quality changes observed in MAP seafood are directly related to microbial deterioration and may result in off-odors, off-flavors, muscle softening, discoloration, and an increase in muscle exudate during storage. Quality changes may also derive from the incorporation of CO 2 to the aqueous phase of the food, which causes a reduction in muscle pH and in protein water retention ability, causing an increase in drip loss during storage. Texture degradation of MAP products may also occur due to endogenous enzymatic activity, which may increase by the drop in muscle pH caused by CO 2 .
Nucleotide degradation is the first biochemical change observed in post-mortem muscle, which is tightly connected to rigor mortis process. Despite its importance for quality assessment of fresh seafood, quantifying ATP decomposition or measuring K value is of little use for quality assessment of MAP products, even for fish packaged pre-rigor. This is mainly due to the fact that research has shown that CO 2 atmosphere does not alter the K-values compared with those determined for product aerobically held [5, 94, 125] .
Total Volatile Basic Nitrogen (TVB-N) is a chemical indicator often used to determine freshness of fish and fishery products held on ice. Determination of TVB-N values and Trimethylamine (TMA) content are widely used in shelf life studies of MAP seafood [6, 25, 32, 38, 88, 99, 123] . Some authors determined a correlation between quality deterioration of MAP seafood and increased TVB-N or TMA values, but often noted the levels were below limit for consumption at the end of the product shelf life [32, 123] . Others observed significantly lower production of volatile bases for products in MAP compared to their air-packed counterparts [6, 38, 99] . Bøknaes determined that spoiled MAP Atlantic cod is characterized by high levels of TMA because its prevalent spoilage organism is Photobacterium phosphoreum, which can reduce trimethylamine oxide (TMAO) to TMA and cause development of fishy odor [75] . Similarly, Alfaro determined TMA to be a good indicator for spoilage of MAP of Atlantic horse mackerel [3] . Emborg noted the formation of biogenic amines was limited in fresh MAP salmon [91] . In a later study, Yew also recorded inconsistencies in the formation of biogenic amines in MAP Indian mackerel as compared to air packed control samples [84] . The usefulness of TVB-N values, and levels of TMA or specific biogenic amines, including histamine, as spoilage indicators for determination of shelf life of MAP fish and fishery products depends on the specific spoilage organisms that dominate the microbial flora during product degradation.
For some MAP products the end of shelf life is determined by sensory rejection and before microbial levels indicate spoilage (e.g., TVC~10 5 -10 6 cfu/g). In these cases, non-microbial degradation drives end of shelf life and sensorial changes at point of rejection may be due to changes in odor, taste, texture, color, or a combination of these variables. For this reason, a majority of studies addressing shelf life of MAP of fish and fishery products include sensory assessment and Table 1 provides several examples of MAP products that reached end of shelf life by sensory rejection.
Changes in pH are often recorded in shelf life studies of MAP products and may correspond only to a slight decrease or to a much larger drop from pH 7.0 to 6.0 [3, 8, 41] . A subsequent increase in pH during product storage may correspond to microbial activity [6] , but this variable alone is not a useful shelf life predictor because it may not always correlate well with bacterial growth [3] . Many studies indicate a direct correlation exists between CO 2 concentration and liquid loss [41] because CO 2 tends to decrease water holding capacity [5] , but the magnitude of the liquid loss appears to depend on storage temperature and type of product [65] . Drip losses in the range of 2% to 6% are well within values reported in the literature for MAP of fish [6, 7, 40, 41, 65] .
Oxidative rancidity may also be a limiting factor in the shelf life of MAP seafood, especially for fatty fishes [5] . The usefulness of thiobarbituric acid values (TBA) and thiobarbituric acid reactive substances (TBARS) as an indicator of shelf life depends on the type of product. For instance, Alfaro determined that TBA was not a useful indicator for shelf life determination of MAP of Atlantic horse mackerel, while Torrieri found TBARS to be a critical index for determination of shelf life of MAP of Bluefin tuna [3, 18] .
Texture is an important quality parameter for seafood but the changes in texture associated to storage under MAP are not fully understood. Masniyom investigated the degradation of proteins in seabass muscle during MAP storage [94] . The authors recorded a decrease in total sulphydryl content with a concomitant increase in surface hydrophobicity in samples stored under MAP, compared to those kept under air atmosphere. However, no marked autolytic degradation in samples kept under MAP was observed throughout the storage [94] . Hansen reported a decrease in firmness of MAP Atlantic salmon fillets packaged pre-rigor by measuring force required to penetrate through the fillet [41] . Interestingly, the author reported that MAP seemed to reduce the release of two important lysosomal enzymes responsible for tenderization of fish muscle, cathepsin B and L, after 7 days of storage for chilled and superchilled MAP salmon fillets [41] . Chen recorded a reduction of calpastatin, the endogenous calpain inhibitor, in MAP stored crayfish samples after 10 days [29] . This reduction, albeit suggestive of high m-calpain activity did not correspond to softening of crayfish, on the contrary, an increase in toughness was observed after 10 days of storage [29] .
The Future of MA Systems
Advances in the application of MAP to shelf life extension of muscle foods is occurring at a fast pace. Research over the past 15 years has increasingly focused on a more sophisticated systems-based approach to MAP development and evaluation in fishery products. Considerable more research is needed to fully understand how MAP, temperature, and additives can be employed to selectively target and influence beneficial product microbiota such as lactobacilli at the expense of more noxious spoilage-formers such as pseudomonads in order to not only protect product quality but also to better control dangerous pathogens. An important unexpoilted area that deserves further attention is the optimization of MAP parameters for bulk packaging and transportation of seafood products to distant markets.
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